I. INTRODUCTION
Pion scattering from atomic electrons we -we" gives a measurement of the pion form factor for small spacelike momentum transfe'rs, Q'&0. In both cases, the cross sections are directly proportional to the absolute square of the pion form factor and the extraction of F,(Qs) is straightforward. The electroproduction of pions from nucleons (la) (lb) epew'n, enew p are the. only available reactions that give information on the pion structure at large spacelike momentum transfers. The presence of the nucleons and their structure complicates theoretical models used to extract E,(Q') from the measurements and thus the determination of the pion form factor becomes model dependent.
Eri this paper, we report measurements of reactions (1) for small values of the virtual-photon polarization parameter a (0.30&& &0.45) with values of the virtual-photon mass squared, -Q', extending up to 10 GeV'. These measurements were Thd electromagnetic structure'of the pion has been the subject of numerous experimental and theoretical investigations. ' It is described in terms of a single structure function or form factor which depends only on the square of the four-momentum transfer to the pion, Q'. Colliding-beam experiments measure the form factor in the timelike region Q'&0 via the reaction e'e -w'w . i carried out at the Wilson Synchrotron Laboratory at Cornell University. Cross sections and angular distributions for some of the data (Q'~3.3 GeV') have already been presented in an earlier paper. '
In this paper, we give a complete report on the results of the experiment and report an analysis which gives a determination of the pion form factor over the full range of spacelike Q' up to, 1'0 Ge7'. These measurementS represent a continuation of similar measurements at lower Q' by some members of the group, Hence we will rely on previous' ' reports to supply background mater'ial for the kinematics, experimental techniques, and analysis procedures. Figure 4 is a schematic drawing of the spectrometer system used in this experiment. Two. largeaperture (8-msr hadron arm and 40-msr electron 'arm) magnetic spectrometers were used to detect the scattered electron in coincidence with acharged hadron. The hadron-arm components included a large bending magnet, a multiwire-proportionalchamber system consisting of four x and four y planes of wires, four planes cf plastic scintillator, a four-foot-diameter Freon-12 Cerenkov counter, and a 12-radiation-length lead-Lucite shower counter. In addition to a bending magnet the electron arm included six wire spark chambers equipped with magnetrostrictive readout, three planes of scintillation counters, a five-foot-diameter V'
II. EXPERIMENT
Freon-12 Cerenkov counter, and a 12-radiationlength lead-Lucite shower counter. Table I summarizes the points at which data were taken and gives the nominal W (total centerof-mass energy), Q', and a (photon polarization The invariant undetected mass squared was calculated from measurements of the incident and scattered electron momenta an& the momentum of the electroproduced hadron.
' Figure 2 shows the missing-mass-squared distribution for pion events taken from the lowest-Q' point. A clear peak is seen at the missing mass squared corresponding, to an undetected neutron. A cut at 0.7&MM'&1. 05
GeV' was used to separate out events corresponding to reaction (la.). The uncertainties quoted in the data, are statistical only ance do not include a possible overall sy'stematic uncer'tainty.
It i.s estimated that the overall systematic uncertainty is less than 6%%up. This esti. mate is. based on the errors in the corrections to the data, the uncertainty in the radiative correction, and the discrepancy in the electron scattering normalization measurements. Tables III(a) through III(e) list the m'n cross sections for a hydrogen target determined in this experiment. For the deuterium target, the m'n cross sections are listed in Tables IV(a) and IV(b), while the v P cross sections appear in Tables 'V(a) and V(b). The deuterium data have not been corrected for events which are riot identified with reactions (2) due to the Fermi motion of the nucleons. A calculation based on the Hulthen' wave function indicates that this effect is less than 0.5%. Since there is a high correlation of the average virtualphoton and pion directions, the average values of the virtual-photon parameters over the events in the bin are also included for each bin.
A number of theories" " have been advanced to describe the electroproduction of n'n for pious emitted along the virtual-photon direction and to predict the terms A, 8, C, and D in Eq. (2). Most of them succeed in describing the general features of the cross section, but none of them is sufficiently refined to give total confidence in the determination of the pion form factor which enters in the models as a free parameter. The common ingredient in all the theoretical models is the t-channel pion-exchange graph which is the main contributor to the amplitude due to longitudinally polarized photons. This amplitude is directly proportional to the pion form factor and is easily evaluated in the Borg. approximation.
The portion of the ampli-.
tude due to transversely polarized photons is subject to large theoretical uncertainties. In dispersion-theory models, "" it is given by the sand u-channel Born terms, dispersion-integral corrections, and, for 8 & 0', the t-channel Born term.
In an earlier paper, ' we presented the first measurements of the separated transverse and longitudinal cross sections, terms A and C in Epl. (2). IV. The bins and the center-of-mass virtual-photoproduction cross sections for the reaction y"+p 7t'+n off a deuterium target. The uncertainties are statistical only. N is the number of events in the bin. The cross sections shown have been radiatively corrected by multiplying the measured cross sections with the factor BAD. 0.08 + 0.20 -0.36+0.19 pion form factor. '"' While the overall normalization of the predicted longitudinal cross section, C, depends directly on the chosen value for the pion form factor, the curves for the transverse cross section, A, are absolute predictions of the model.
The dispersion-theory model predictions sizably underestimate the measured transverse cross section and this discrepancy becomes larger as Q' increases. In our earlier paper, ' we found that the Q' dependence ot the forward transverse cross section in the region 0&Q'&3.3 GeV' was satisfactorily reproduced by the Q' dependence ot the , total virtual-photoproduction cross section. A fit to the data with 8& 3 and W= 2.65 QeV gave the re-sultA =6.025 o. "t sr '. Figure 4 shows aplot of A and C/A. versus Q' for W= 2.65 GeV and 8 & 3' together with the dispersion-theory predictions and the fit using the Q' dependence ot the total virtual- are the dispersion-theory prediction and a dependence on Q2 which is the same as that found experimentally for the virtualphotonproton total cross section. (b) The ratio C/g as a function of Q2. The solid curves were obtained using in one case the dispersion-theory prediction for t. " and A and, in the other, the dispersiontheory predicti'on for P together with the expression produce the observed transverse cross section is at least partly due to the assumption that only isovector photons contribute to the single-pion electroproduction process. Previous measuremerits' established the presence of a sizable isoscalar component which, for fixed W, increases with Q'. This isoscalar component is likely to be contained entirely in the transverse amplitudes since the main contributor to the longitudinal amplitude, 'the pion-exchange pole term, is purely isovector.
In order to determine the pion form factor from the data, we have followed a procedure which avoids some of the problems associated with the theoretical models. The main ingredients are as follows:
(l) The use of data. with 6& 2 so that the cosP and cos 2Q terms are small. This minimizes the contributions of the interference terms so that terms 8 and D in Eq. (3) can be neglected.
(2) The assumption that the amplitude due to longitudirial photons is given by the t-channel onepionexchange Born term.
(2) The assumptionthat for 8 =0; the Q'dependence of the part of the cross section due to transverse photons, A, is the same as that for the total virtual-photoproduction cross section. It is also assummed that thje W dependence of A is the same a.s the 8' dependence of the sand u-channel Born terms. The results are presented in Table VII and, graphically, in Fig. 5 . It should be noted that for values of Q' greater than 4 GeV' the transverse cross section is determined from an extrapolation of the low-Q' data and so these points are probably the least reliable. The uncertainties shown in the table and figure are statistical only.
We have fitted the data listed in Table VII Adylov et al, . (1974) Ref. 17 Dubnicka and Dunbrajs (1974) Ref. 18 Bebek et al,. (1976) Ref . Table VIII summarizes the recently reported values of the pion radius and the techniques through which they were obtained. "" The agreement betweenn the more precise measurements is poor and suggests additonal uncertainties in the models used to determine the pion radius from the data. It is especially disturbing that the most recent pion-electron scattering experiment, which was carried out by a UCLA-Notre Dame-Pittsbur gh-Fermilab-Dubna group at Fermilab, gives a value so much lower than the recent Orsay colliding-beam experiment and this electroproduction experiment. A DESY-Hamburg group" ha, s recently reported an experiment in which they carried out a longitudinal-transverse separation at the (W, Q') point (2.19 GeV, 0.70 GeV'). They found a value for A which is larger than expected from the simple dispersion-theory model and which ha, s a weak dependence on momentum transfer in agreement with the results of this experiment. They used the Gutbrod-Kramer generalized Born term model" to fit their data and found F, =0.42+0.015. This is to be compared with the value 0.40 ca,lculated from Eq. (4).
IV. CONCLUSION
We have devised a simple scheme for the evaluation of the pion form factor in the spacelike region KI, ECTB, OPH, ODUCTIOA OF SINAI, E I'IOUS AT LO% c AXD A. . . for Q' up to 10 GeV'. This procedure uses the f channel Born term for the cross section due to longitudinal photons and the measured Q' dependence of the transverse cross section. The newly calculated values of the pion form factor are slightly lower than ones previously reported. Table IX gives a comparison of the earlier reported values for the pion form factor' and the results of the new analysis reported here. Although the values are compatible with a simple pole expression, a form such as I', =I', " cannot be ruled out. The main limitation in this analysis is the poor knowledge of the transverse term A over the full range in Q' and the necessity of relying on relatively low-precision measurements at three (W, Q') points.
The absence of a theory which gives an accurate description of exclusive pion electroproduction precludes a precise determination of. the pion form factor in the region of large spacelike Q'. Our method of extracting the form factor relies heavily on the assumption that t-channel pion exchange is entirely responsible for the longitudinal cross section and that it can be adequately described by the Born term approximation. Previously published measurements' of the longitudinal cross section indicate that the angular distribution, even for small momentum transfers t, disagrees with the one expected on the basis of t-channel pion exchange.
Since the minimum momentum transfer, t,", for our data increases with Q', our form-factor values for large Q' are subject to some uncertainty.
